Abstract. Recently, there have been many studies about ductility reduction factor of CBFs, because AISC's seismic design provision has been changed signi cantly since 2010. Therefore, a comprehensive study is needed for seismic designing and ductility reduction factor of CBFs. In this study, about 160 two-dimensional CBFs with di erent types of bracing are designed according to AISC-341, and ductility reduction factor of designed frames is compared to types and formation of bracings in the height of frames. The results con rm that ductility reduction factor and response modi cation factor of CBFs are mostly dependent on types and formation of bracing. Also, maximum allowable height of OCBFs can be reduced for some types of bracing and be increased for some other types of bracings. For SCBFs, ductility reduction factor depends on the bracing type and number of frame stories. For most of SCBFs, ductility reduction factor cannot achieve more than ten-story frames. So, for these kinds of frames, maximum allowable height should be decreased, or smaller response modi cation factor should be used. For double large-scale CBFs, because of the enormous sti ness of one-to-seven-story frames, ductility reduction factor cannot be obtained and a smaller response modi cation factor should be used.
Introduction
In most of codes of practice for earthquake resisting design, structures are allowed to go beyond the elastic limits in severe earthquakes. So, structures can dissipate most of the earthquake's energy throughout deection and entering into an inelastic phase of response of structures [1] [2] [3] [4] .
When structures enter into inelastic phase, seismic forces depend on the de ections which a structure can experience. In most of earthquake resisting design codes, considering the e ect of inelastic deformations on the response of structures, the seismic force can be reduced using a reduction factor, termed as response as ASCE7 [7] and AISC-341 [8] , paid special attention to OCBFs. besides, there have been lots of studies about buckling of bracing members and the system's overstrength and ductility reduction factor of OCBFs [9, 10] . Uang and Nakashima [11] proved in their studies that using unbuckable bracing members can improve the hysteretic response of OCBFs and also increase the ductility of the system. AISC-341 design code categorizes concentrically-braced frames into two categories: Ordinary Concentrically Braced Frames (OCBFs) and Special Concentrically Braced Frames (SCBFs). Also, it tried to cover up the imperfection of bracing members buckling by limiting width to thickness ratio of braced members' section and proposing obligation for limiting slenderness ratio of bracing members.
There are many numerical and experimental studies [12] [13] [14] [15] [16] [17] [18] about overstrength factor and ductility reduction factor of OCBFs. Balendra and Huang [19] found out that the overstrength factor, ductility reduction factors of X-bracing system, and inverted Vbracing system are almost the same. Also, results conrmed that ductility reduction factor of concentrically braced frames decreases as the height of the frames increases. Jinkoo Kim and Hyunhoon Choi [20] showed in their studies that response modi cation factor of inverted V-braced frames is usually smaller than the values speci ed in design codes.
According to experimental and analytical studies, building design codes try to cover up CBFs imperfections. For example, AISC-341-2010 has proposed some extra provisions for specially concentrically braced frames in comparison with the AISC-341-2005. According to AISC-2010, columns and beams of SCBFs should be designed according to the analysis in which all of the bracing members reach their maximum capacity. So, according to the newest code, it is expected that nonlinear behavior of concentrically braced frames improves, and their ductility reduction factor increases.
Because most of available analytical and experimental studies are in accordance with AISC-2005 and previous versions of AISC design code, This paper tries to evaluate linear and nonlinear behaviors of CBFs which are designed according to newly-edited AISC-2010. The main goal of this paper is to study if CBFs, designed according to AISC-2010, can attain the expected ductility or not. Also, in this paper, sensitivity of ductility reduction factor of frames to types of bracing and number of bracing stories is evaluated.
Supplementary seismic provisions for concentrically braced moment frames
The AISC-341-10 design code has categorized concentrically braced frame into two categories: ordinary and special concentrically braced frames. Moreover, it introduced separate seismic provisions for each frame. The most important seismic provisions for concentrically braced frames are as follows: a) Ordinary Concentrically Braced Frames (OCBFs). According to AISC-341-10, for designing beams, columns, and bracing sections of ordinary concentrically braced frames with X-bracing, no supplementary seismic provision is needed. But, for ordinary concentrically braced frames with inverted V-bracing system (chevron bracing), the following provisions should be taken into consideration: 1) Beams of braced bays should have enough capacity for vertical forces of gravity load combinations without considering bracing; 2) Beams of braced bays and their connections to the columns should have enough capacity for unbalanced seismic loads which are combined with factored gravity loads. When analyzing the beam's static equilibrium, the force of compression resisting brace should be considered as equal to 0:3P n , and tension resisting brace's force should be taken as the minimum of R y F y A g . In addition, the tension results from ampli ed seismic load combinations. b) Special Concentrically Brace Frames (SCBFs). For special concentrically braced frames, the required strength of beams and columns should not be less than the results of the following analyses: 1) Analysis in which tension and compression forces in bracing members are assumed to be R y F y A g and 1.14 F cre A g , respectively; 2) Analysis in which tension and compression forces in bracing members are assumed to be R y F y A g and 0.3* 1.14 *F cre A g , respectively.
3. Frames' speci cations used in this study
In this paper, for evaluating elastic and inelastic responses of ordinary concentrically braced frames, a new bracing formation is introduced: double largescale concentrically bracing formation. Also, ten series of braced frames from one to sixteen stories are modeled, totally 160 frames, out of which 5 series of the selected frames are braced using the ordinary bracing system; the other 5 series are braced using the special concentrically bracing system. Each part of ve series is de ned as follows ( Figure 1 ):
CBF-1 X-Shape concentrically braced frames that are adjacent in the two middle bays; Figure 1 . Five types of concentrically braced frames.
CBF-2 X-Shape concentrically braced frames that are braced in the two separate bays; CBF-3 Inverted V-shape concentrically braced frames; CBF-4
Combined inverted V-shape and V-shape concentrically braced frames; CBF-5 Double large-scale concentrically braced frames. Assumptions used for analysis and design of the frames are as follows:
4 frames are used with bay length of 5 m and story height of 3.4 m, Dead and Live loads which are applied to the beams are 28 kN/m and 6 kN/m, respectively; Seismic loading is applied according to ASCE7-10 and an equivalent static procedure is used for estimating seismic design force [21] ; According to the Iranian code of practice for seismic resistant design of buildings, response modi cation factor for SCBFs is assumed to be 5.5; it is assumed to be 3.5 for OCBFs; It is assumed that frames are located in a high seismic zone area with peak ground acceleration factor of 0.35 g. Buildings are assumed to be located on the soil type 2 and with moderate level of occupancy; It is assumed that frames are a part of the seismic force resisting system of 3D buildings and seismic weights of the frames are 4 times the dead and live loads, which are applied to them; ETABS2000 software is used for analyzing and designing steel frames and also according to AISC-341, LRFD method is used for designing steel frames [22, 23] ; Used material is assumed to be ST37 with a module of elasticity of 2 10 5 MPa and yield stress of 240 MPa; Used sections of frame members are according to Table 1 , it should be noted that the variety of used beam sections are only for seismic design considerations rather than gravity load-bearing needs.
By seismic provisions of AISC-340-10, All of 160 frames with special and ordinary concentrically bracing systems with response modi cation factors of 3.25 and 5.5, respectively, are designed in a way that the ratio of required strength to design strength of all members is less or equal to one. For applying a supplementary seismic provision, explained in Section 2 of this paper, the frames should be designed according to appropriate design code. And, rst, bracings should be omitted from the model. To avoid the instability of the system, structures oors should be restricted against lateral displacement. Then, seismic design forces should be applied; frames should be analyzed and designed with factored gravity loads.
Considering all of seismic provisions for 160 frames is a time-consuming and con icting procedure; therefore, for applying seismic design provisions, tem- perature changing method is used. In this method, after restricting oor diaphragms from lateral displacement, rst, temperature changes in bracing members so that the equivalent seismic forces are generated in the members. Then, for omitting the interaction of generated forces with equivalent axial sti ness forces, module of elasticity of bracing sections is reduced to a very small one (E = 0:1 MPa). Therefore, the generated forces in the bracing members remain constant due to temperature change. It should be noticed that alterations in other properties of the material could be bene cial to simplify the procedure. For example, if the Coe cient of Thermal Expansion would be set to 1 and F y = 1 MPa, the thermal change needed in all tension resisting braces would be equal to R y :F y . Although thermal change for compression resisting braces would be various for di erent member sections, the values would be more sensible to deal with.
Evaluation of elastic response of di erent bracing systems
The main goal of this paper is to investigate ductility reduction factor of di erent types of bracing systems, which are introduced in Figure 1 . But, studying and comparing the elastic response of CBFs and double large-scale concentrically bracing frames can be useful in advance. So, in this part, elastic responses of 160 frames are presented and compared. frame's natural period. So, according to the plots, it can be concluded that frames, which are braced in two outer bays (CBF.2), are more exible than other concentrically braced frames. And, double large-scale concentrically braced frames are always sti er than the other concentrically braced frames. ment of double large-scale concentrically braced frames (CBF.5) is always less than other ones. Another element that should be considered is the drift distribution among the story levels.
Natural period

Maximum lateral displacement
Figures 6 and 7 display drift distribution of CBFs versus the height of 15-story frames, which are braced using di erent types of bracings and are designed for two types of ordinary and special ductility demands. According to the diagrams, and as expected, for frames with the bracing types of CBF.1 to CBF.4, the exural behavior of bracing system is more noticeable than the shear behavior of columns; consequently, frames with bracing types of CBF.1 to CBF.4 have exural behav- iors rather than shear behaviors. But, the behaviors of frames with double large-scale concentrically brace (CBF.5) are completely di erent from other types of bracing systems, because for this type of bracing, column's sti ness, which participate in total behavior of frames, is noticeable from other types of framing. So, the total behavior of this type of frames is very close to the shear behavior rather than the exural one, and this can be mentioned as a bene t of using CBF.5 bracing system.
Uplift force
Figures 8 and 9 display uplift forces of 80 OCBFs and 80 SCBFs, respectively. According to the diagrams, the uplift force in the frames which are braced concentrically in two outer bays (CBF.2) is always a little more than the other bracing types. In addition, uplift force of frames with a double large-scale concentrically bracing system (CBF.5) is always less than that of other frames.
Used steel weight
Figures 10 and 11 illustrate used steel weight of 80 OCBFs and 80 SCBFs, respectively. According to the diagrams, used steel weights of braced frames for 5 stories are close to each other, but for frames with more than 5 stories, used steel weight for bracing type 2 (CBF.2) is increased signi cantly in comparison with other bracing types. Also, for frames with more than 5 stories, used steel weight for frames with bracing type 5 (CBF.5) is less than other braced frames.
Literature review of response modi cation factor
Ductility reduction factor is de ned as the ductility capacity of the structure in inelastic response to the severe earthquakes and is modi ed as the ratio of the maximum displacement of the structure without any collapse to the yield displacement:
In most of earthquake resisting design codes, response modi cation factor is made up of three components as overstrength, redundancy, and ductility. The e ects of these parameters are displayed in Figure 12 for structures which are designed according to LRFD method. Based on the plot, response modi cation factor can be calculated using the following equation:
where is de ned as the ratio between V y (the force needed to reach yield limit and collapse mechanism or the force corresponding to target displacement and Figure 12 . Capacity curve of SCBF-1 (10-story).
V s (the force needed for formation of the rst plastic hinge):
The overstrength factor depends on many parameters. For ordinary concentrically braced frames, ASCE7 proposed value is equal to 2 for the overstrength factor. Ductility reduction factor, R , is de ned as the ratio between the ultimate elastic force to the yield point force of structure:
If the overstrength factor of the ordinary concentrically braced frames is supposed to be equal to 2, then the minimum ductility reduction factor can be calculated from the following equations: 
According to FEMA-356 [24] , nonlinear static analysis (pushover analysis) is one of the most acceptable procedures to evaluate the ductility reduction factor of structures. In recent years, there have been many works concerning the evaluation of ductility reduction factor of structures as follows:
1. A method based on equality of displacements and the equality of area under the force-displacement curve. 2. According to this method, for structural systems with natural periods of more than 1 second, the maximum displacement of elastic and inelastic responses are very close to each other. So, ductility reduction factor, R , can be calculated using the following equation:
Also, for structural systems with a natural period of less than 0.5 seconds, the assumption of elasticperfectly plastic behavior and that of equality under the curve areas of the presumed elastic and inelastic responses can be calculated using the following equation:
3. Newmark and Hall's method. The phenomenon used for NewMark and Hall's method is the same as methods based on the equality of displacements for the elastic and inelastic responses of structures with the assumption of elastic-perfectly plastic behavior with a little di erence in periods between 0.5 and 1 seconds [25, 26] ; 4. Mirenda and Bertero method. According to this method, ductility reduction factor can be calculated using the following equation [27] [28] [29] :
In the above equation, depends on the soil type and can be calculated for alluvium sites using the following equation:
e 2(ln(T ) 0:2) 2 :
According to FEMA-356, for calculating ductility reduction factor, rst, the target displacement should be calculated. Then, the capacity curve, obtained from pushover analysis, should be idealized and ductility reduction factor can be calculated using idealized capacity curve. Target displacement shall be calculated in accordance with the following equation:
where, C 0 is modi cation factor to relate spectral displacement of an equivalent single-degree freedom system to the roof displacement of the building with multi-degree freedom and can be calculated using the following equation:
where, W i is the e ective seismic weight and ' 1;i is the shape vector's corresponding member for the corresponding elevation. C 1 is the modi cation factor to relate the expected maximum inelastic displacement to displacements calculated for linear elastic response and can be calculated using the following equation:
T e < T s )
where, T e is the e ective period of structure and can be calculated using the following equation:
where, T i is the elastic period, K i is the elastic sti ness of structure, and K e is the e ective sti ness of the structure. R d can be calculated using the following equation:
where, S a is the response spectrum acceleration at the e ective period. For calculating target displacement using Eq. (11), capacity curve, which displays the relationship between base shear and corresponding displacement, should be bilinearized so that rst, yield strength, V y and corresponding yield displacement (V y and y , respectively) can be calculated. Then, according to the calculated parameters, e ective fundamental period should be obtained.
Usually, bilinear curve starts with an initial slope, K e , which should be taken as the secant sti ness calculated at a base shear force equal to 60% of e ective yield strength of the structure; the e ective yield strength should not be taken as more than the maximum base shear force at any arbitrary point along the capacity curve. The second line of bilinear curve represents the positive slope after the structures yield and starts from the points ( u , V u ), and another point along the line to the points ( u , V u ) so as to balance the area between the above and below of the capacity and bilinear curves.
As mentioned previously, it seems that substituting the capacity curve with a bilinear curve is an iterative procedure, but because the behavior of the structure remains linear between formations of two plastic hinge, yield strength and corresponding yield displacement of structure can be obtained from a closed form solution.
In this study, a small program is prepared by the authors, which can be used to obtain the bilinear curve.
One of the most important steps of pushover analysis is de ning force-displacement relationships of the structural elements. Actually, the inelastic behavior of any structural member should be obtained through an experimental procedure. But, as mentioned in FEMA 356, instead of using experimental methods, acceptance criteria, which are clearly de ned in FEMA 356, can be used for evaluating the deformation capacity of structural members. In this study, FEMA's equations are used for modeling inelastic relation of force-displacement.
For modeling inelastic force-deformation relationships, it is assumed that inelastic deformation of members concentrate on plastic hinges, and the behaviors of other parts of the member remain elastic. If more re ned model or local information is required, then a Fiber-base approach should be used. This is an approach classically validated in many applications: experimental results (e.g., [30] ), modeling structural frames in seismic analyses of steel structures [31, 32] , reinforced concrete buildings [33] , extreme loading [34] , and connections [35, 36] .
For exural members (beams and columns), plastic hinges are assigned to the start and end of structural components or to the speci c point load locations; these hinges can be from type M,V, or an interaction hinges of P-M. Hinge type P can be used for axial elements like bracing and columns which have axial behavior and can be assigned to the middle of the member.
In the rst section of this part, di erent methods of calculating ductility reduction factor are discussed; each of mentioned methods has some advantages and disadvantages. For example, Eq. (7) can only be used for structures with a fundamental period more than 1 second. Also, Eq. (8) can only be used for structures with a fundamental period of less than 0.5 second. Because fundamental periods of most of the studied structures in this paper are between 0.5 and 1 seconds, it is not recommended to calculate the fundamental period using Eqs. (7) and (8) .
Nowadays, both of ductility reduction factor methods are used by researchers, but Miranda and Bertero's method is used in this paper due to its popularity. 6 . Pushover analysis and ductility reduction factor calculation
In this paper, about 160 steel frames, 1 to 16 stories, with a concentrically bracing system are comprehensively studied for evaluating the sensitivity of frames to the types of bracing systems and also formation of bracings in the height of the structure; 80 frames which are studied are ordinary concentrically braced frames (OCBFs); the other 80 frames are special concentrically braced frames (SCBFs). Because giving detailed calculation account of ductility reduction factor will take more pages of the paper, important parameters which are used for calculating ductility reduction factor of some types of frames are given in Table 2 . Also, from numerous models which are used in this study, capacity curves of only one series of frames are illustrated within Figures 12 to 16 . It should be noticed that in part 7 of the paper, all of the results of 160 CBFs are reviewed and discussed completely.
Remarks on results
In this section, the results of nonlinear static analysis (push over analysis) for OCBFs and SCBFs are presented. As it is illustrated, braced frames of type OCBF.2 have the maximum ductility reduction factor; braced frames of type OCBF.5 have the minimum ductility reduction factor. But, as discussed previously in the elastic response analysis of frames, braced frames of type OCBF.5 had better elastic responses than braced frames of type OCBF.2. According to diagrams which are displayed in Figure 17 , obtained ductility reduction factor for braced frames of types OCBF.1 to OCBF.3 with 1 to 16 stories is more than expected ductility reduction factor which is proposed by ASCE7 (ASCE7: R Required = R= 0 = 3:5=2 = 1:75), because the level of designing forces in this type of bracing frames. Therefore, the maximum allowable height of the frames with bracing types OCBF.1 to OCBF.3 can be more than ASCE7's proposed one.
For frames with bracing type OCBF.4 and taller than 5 stories, expected ductility reduction factor cannot be obtained. So, according to the results, maximum allowable heights of these kinds of braced frames can be increased up to 5 stories (16 m).
For braced frames of type OCBF.5 and for frames taller than 3 stories, expected ductility reduction factor Figure 18 . One of the collapse mechanisms of ordinary concentrically braced frames (5-story).
cannot be obtained, and ductility reduction factor for frames taller than 3 stories is always less than 1.75, which cannot accommodate ASCE7's expected ductility. So, according to the results of this study, the maximum allowable height of OCBF.5 is 10.7 meters. (3 stories).
One of the imperfections of studied bracing types is that most of the capacity curves which are displayed in Figures 12 to 16 cannot reach their target displacement, so they collapse before getting to the expected target displacement according to the mechanisms displayed in Figure 18 . But, despite such imperfections, because of high design strength of these types of bracing systems, expected ductility can be achieved.
Special Concentrically Braced Frames
(SCBFs) Figure 19 displays diagram for ductility reduction factor of 80 special concentrically-braced frames. As this gure illustrates, braced frames of types SCBF-1, SCBF-3, and SCBF-4 have the same ductility reduction Figure 19 . Ductility reduction diagram for di erent types of special bracing.
factor, but the ductility reduction factor of bracing types SCBF-2 and SCBF-5 di ers from others. According to the diagrams which are displayed in Figure 19 , braced frames of types SCBF-1, SCBF-3, and SCBF-4 cannot achieve their expected ductility (ASCE7: R Required = R= 0 = 5:5=2 = 2:75). So, according to the results of this paper, for these sorts of braced frames with more than 12 stories, response modi cation factor should be less than 5.5.
For braced frames of type SCBF-2 which are taller than 9 stories, expected ductility cannot be achieved. In other words, from ductility point of view, these frames are in an ill condition in comparison with frames with bracing types SCBF-1, SCBF-3, and SCBF-4. So, for frames with bracing type SCBF-2, which are more than 9 stories, response modi cation factor should be less than 5.5.
Unfortunately, braced frames of type SCBF-5 are in ill condition for achieving ductility point of view, because as displayed in gure 19, in these sorts of braced frames for frames up to 7 stories, expected ductility cannot be achieved. And, this can be one of the most important imperfections for this kind of bracing system. But, it should be taken into consideration that according to elastic response results, the use of bracing type SCBF-5 reduces used steel weight. So, using a response modi cation factor, which is less than 5.5 for designing these frames, can probably save used steel in comparison with other types of bracings. Also, results con rm that despite other types of braced frames, SCBF-5 can achieve its expected ductility demand when the height of frame exceeds 7 stories.
As Figure 20 illustrates, another crucial point is that all SCBFs are redesigned and controlled according to seismic design provisions. For frames higher than 10 stories, the maximum inelastic displacement is lower than the target displacement and frames collapse before reaching it. Therefore, a revision is needed in this aspect, that is, to reduce the ductility reduction factor for SCBFs higher than 10 stories.
Conclusion
Results of analysis, design, and nonlinear static analysis (pushover analysis) of 160 ordinary concentricallybraced frames, which are braced with di erent types and formation of bracing systems in the height of the frames, are as follows:
1. The natural period of braced frames of types CBF-1, CBF-3, and CBF-4 are very close to each other, but the natural period of braced frame type CBF-2 is signi cantly more than the natural period of other types of bracing systems and also the natural period of CBF-5 is signi cantly less than others; 2. Maximum lateral displacement of frames with bracing type CBF-2 is always more; frames with bracing type CBF-5 are always less than maximum lateral displacements of other bracing systems; 3. Uplift force for frames with bracing type CBF-2 is always a little more than the uplift force in other types of bracing systems and uplift force for frames with bracing type CBF-5 is always much less than other braced frames' uplift force; 4. Weight of the used steel for frames with bracing types CBF-2 and CBF-5 is mostly more and less than the weight of used steel in other bracing types, respectively; 5. Ductility reduction factor for frames with bracing types OCBF-1, OCBF-2, and OCBF-3 is always more than expected ductility reduction factor (ASCE7: R Required = R= 0 = 3:25=2 = 1:625) even for 16 stories frames. Also, the maximum allowable height of these types of braced frames can exceed ASCE7's proposed maximum allowable height; 6. For frames with bracing type OCBF-4 and for frames with more than 5 stories, expected ductility reduction factor cannot be achieved, but for frames up to 5 stories, expected ductility can be achieved. So, the maximum allowable height for these types Figure 20 . One of the collapse mechanisms of special concentrically braced frames (10-story).
of braced frames can be increased up to 5 stories (16 m); 7. For frames with bracing type OCBF-5 and for frames with more than 3 stories, expected ductility reduction factor cannot be achieved. But, for frames up to 3 stories, expected ductility can be achieved. So, the maximum allowable height of these types of braced frames cannot exceed the ASCE7's one; 8. For frames with bracing types SCBF-1, SCBF-3, and SCBF-4 and with more than 12 stories, expected ductility reduction factor (ASCE7: R Required = R= 0 = 5:5=2 = 2:75) cannot be achieved. But, for frames up to 12 stories, expected ductility can be achieved. So, for these types of braced frames, the maximum allowable height should be decreased to 12 stories, or a smaller value of response modi cation factor should be used for frames with more than 12 stories; 9. For frames with bracing type SCBF-2 and with more than 9 stories, expected ductility reduction factor cannot be achieved. But, for frames up to 9 stories, expected ductility can be achieved. So, for these types of braced frames, the maximum allowable height should decrease to 9 stories or a smaller value of response modi cation factor should be used for frames with more than 9 stories; 10. For frames with bracing type SCBF-5 and up to 7 stories, expected ductility reduction factor cannot be achieved. But, for frames more than 7 stories, expected ductility can be achieved. So, for these types of braced frames, especially for frames up to 7 stories, smaller value of response modi cation factor should be used.
